From the means and standard deviations of the coordinates of the spatial QRS and T vectors in 178 normal middle-aged men, preliminary normal range limits were calculated for the total group, three positional subgroups, and three relative body weight groups. The superiority of spatial vector analysis over analysis of the scalar electrocardiogram made it possible for the first time to investigate meaningful correlations between electrocardiographic variables, such as the relationship between the magnitude of QRS and T vectors. The relationship between fundamental constitutional variables and spatial vectors was also investigated as background necessary for the diagnostic use of spatial vectors.
A THOUGH the interest in the spatial vectorcardiogram is increasing, no adequate normal standards are yet available. One reason for this is the descriptive nature of presentation of the normal data' which is not suitable for quantitative evaluation. While in photographic records from oscilloscopes the projection in different planes can be measured,2' 3 these values do not give the spatial vector, although it can be visualized or calculated.
A simple method has been recently described4 which allows construction of the spatial QRS and T vector from the conventional electrocardiogram. The spatial vectors are expressed in terms of a horizontal angle (H°, azimuth), vertical angle (V°, elevation), and magnitude (Mag). The angle (dA°) between the spatial mean QRS and T vectors also is measured.
Thus, a total of seven items replaces about 40 electrocardiographic items in the quantitative analysis of a nine lead electrocardiogram,5 and, at the same time, correction is made for a major source of error in the analysis of the scalar electrocardiogram: the varying and un-From the Laboratory of Physiological Hygiene, University of Minnesota, Minneapolis, Minn. This investigation was supported in part by research grants H-10(C5) from the National Heart Institute, U. S. Public Health Service, and the Minnesota Heart Association. known projection angle of spatial vectors on any given lead. Using this method, the means, standard deviations, and expected normal limits of a fairly large sample of middle-aged men were calculated, and an investigation was made on the effect of some important constitutional variables and correlations between the items of vector analysis.
METHOD
The analysis of the spatial QRS and T vectors is based on the determination of their direction and magnitude in the frontal plane from the peak deflections of the R wave, S wave, and T wave in leads I and III (using the principle of Einthoven's method for measurement of axes and manifest potentials), and on the determination of the direction of the vectors in the horizontal plane from their null points in the precordial leads. This vector corresponds to the "mean spatial vector" in some other recent studies.3A b
All leads are taken at the fifth intercostal level, but in the same vertical positions as the conventional precordial leads. Additional leads to the right of Vl (5) or to the left of V6 are taken, when necessary, to include the transitional zones (null points) of the QRS complex and the T wave. Further details of the method are described in the original communication.4 The 0 to 180 degree reference line for the angle H°in the horizontal plane is a transverse line, parallel to lead I, passing through a hypothetic center of the heart from left (0 degrees) to right (± 180 degrees), with the positive hemisphere in front and the negative hemisphere in the back. The vertical angle, V°, is the angle between the vector and a vertical projection through the hypothetic center of the heart onto the horizontal plane. The "elevation" in analytic geometry is 90-V°. The reason for the definition of V°is simplicity of measurement and avoidance of negative values for V°. The angle between spatial vectors (dA°) is positive when the rotation from the first to the second vector, in their sequence in the cycle, is in clockwise direction as viewed from above. The subjects were 178 middle-aged men, with a mean age of 53.23 years -2.88. They were carefully screened as to absence of any objective or subjective signs of disease from detailed clinical and laboratory examination on the day of the electrocardiographic study. This group has been annually examined for four consecutive years, so that, compared with other "normal" groups, the subjects were defined as to state of health with more than ordinary precision. The total group was subdivided into five weight groups (A, < 85 per cent standard weight, mean 79.54 ± 4.18; B, from 86 to 95 per cent standard weight, mean 91.03 -2.45; C, from 96 to 105 per cent standard weight, mean 109.55 ± 2.56; D, from 106 to 115 per cent standard weight, mean 109.33 ± 2.55; E, > 115 per cent standard weight, mean 122.00 -6.65). The mean relative body weight of the total groups was 100.32 per cent, with a standard deviation of ±13.06. The standard weight is estimated from height and age using the standards of the medicoactuarial Mortality Investigations. 6 The group was also divided into three subgroups according to the electrical heart position: group I, QRS axis in the frontal plane with angle a less than 20 degrees; group II, a between 20 and 60 degrees; group III, a above 60 degrees. Group 
RESULTS
1. Relative Body Weight. Table 1 shows the means (M.) and standard deviations (S.D.) of the QRS and T vectors in the five weight groups A to E and in the total group. The increase of QRS-V0 and T-V°with increasing relative body weight agrees with the shift to the left of the QRS and T axis in the frontal plane found in an earlier investigation.7 The left axis shift is, of course, the projection of the change of V°on the frontal plane, and, for this reason, V°is the fundamental variable.
There is also a definite shift of QRS-H0 and some shift of T-H°and dA°in clockwise rotation, as viewed from above, with increasing relative body weight. On the other hand, there is no effect of relative body weight on QRS-Mag. The changes of the R wave with body weight found in the analysis of scalar electrocardiograms in various leads,7 therefore, are due to a change of the direction of the QRS vector and not to a change of its magnitude.
For statistical evaluation of the effect of relative body weight on the spatial mean QRS and T vectors, the weight groups A + B were compared with the weight groups D + E (table 2). The numbers of subjects in these combined weight groups were identical. The mean differences of all spatial angles between the underweight (A + B) and overweight (D + E) groups were statistically significant, though at different levels of expectancy. Of particular interest is the high level of statistical significance for the difference in dA°, since this cannot be due to a positional effect.
The magnitude of the T vector showed a maximum for group B, with a statistically significant difference (p = 0.05) from group A (t = 2.0), but not from group E. The significant changes of the direction of spatial QRS and T vectors found in this series substantiate and amplify the earlier results of the effect of body weight on the scalar electrocardiogram.7
In the total group, as well as in all weight groups except B, the standard deviations of H°and V°are larger for the QRS vector than for the T vector, which is somewhat surprising, since in experimental and many abnormal situations the T wave is much more easily and more frequently changed than the QRS complex. This means that a high intraindividual variability does not necessarily imply a high interindividual variability. It is of interest that in the material of Burch and co-workers,3 also, the scatter of the projections of the maximum T vector in the horizontal and sagittal plane is less than that of the maximum QRS vector, although these authors do not comment on this point. However, the variability of all spatial angles is quite large, in confirmation of the rather wide range limits in the frontal (Einthoven) plane8 and in the horizontal plane (precordial leadsg). On the other hand, the variability of QRSand T-Mag is relatively small, which will permit a more precise differentiation between normal and abnormal voltage than has been possible with the scalar electrocardiogram.
2. Height and Chest Circumference. Since the relative body weight, expressed as a percentage of standard weight, is an indirect index for the height-weight ratio, or the weight per centimeter of height, circumference as well as height are included in this formulation. In order to investigate whether height and circumference are important variables independent of the relative body weight, the 21 shortest and tallest subjects, and 19 subjects with smallest and largest chest circumference were compared (table 3) . It would have been advantageous to select for this comparison the subjects of one relative body weight group, but the number of subjects in any of the weight groups was too small for this purpose.
The mean relative weights of the 21 shortest and 21 tallest men differed only by 5.5 per cent, and this difference was not statistically significant. We compare, therefore, essentially men of normal standard weight, since the means were not significantly different from 100 per cent. The height had no effect on the direction of vectors, but the magnitude of both the QRS and T vector was definitely greater in the smaller men (23.6 per cent for the QRS vector and 11.4 per cent for the T vector). The greater amplitude in shorter men could be explained by a higher ratio of heart volume/chest volume in shorter men. While this hypothesis is conjectural at the present time, we are inclined to believe that the effect of height is due to extracardiac rather than to cardiac variables.
It was not possible to separate the chest circumference from relative body weight. There was a statistically highly significant difference between the relative body weight of the subjects with the smallest and largest chest circumference, which was nearly as great as a comparison of the most overweight and most underweight individuals would have been. Consequently, the difference of QRS-H0, QRS-V0, T-H°, and T-V°are similar to the differences between weight groups A and E in table 1. There is, however, a slightly greater amplitude of QRS-Mag and, even more so, of T-Mag in the individuals with smaller chest circumference. The difference of QRS-Mag did not reach the level of statistical significance, but that of T-Mag was significant at the 0.01 level. The direction of changes is the same as that between the smallest and tallest men, and may also be due to a higher ratio of heart volume/chest volume in the men with smaller chest circumference.
3. Electrical Heart Position. It seemed to be of interest to investigate the effect of the conventionally defined electrical heart position on the mean spatial vectors ( plane was used for the subdivision of positional groups, the difference of QRIS-V0 between groups I and III is greater than that of T-V°, but both were statistically highly significant (p = 0.001). The marked reduction of the variability (S.D.) of QRS-V0 in any positional group, compared with that of the total group or the five weight groups (table 1) was expected. Surprisingly enough, there was only a slight reduction of the S.D. for T-V°. Electrical position in the frontal plane had no effect on QRS-H0, T-H°or QRS-Mag, but there was a consistent (p = 0.05) increase of T-Mag from horizontal to vertical position.
The increase of dA°from vertical to horizontal position was statistically highly significant (p = 0.001), even more so than the difference of dA°between the underweight and overweight groups ( QRS vector in vertical hearts is of importance for normal standards. It is probable that abnormal variations can be recognized more easily or earlier in vertical hearts. 4. Physiologic Correlates. In spite of the approximate nature of this method of spatial vector analysis, it approaches the actual situation more closely than conventional analysis of scalar electrocardiograms. This and the drastic reduction of electrocardiographic items makes it possible for the first time, to attempt a meaningful statistical evaluation of correlations between electrocardiographic variables.
The first question to be examined was that of the relationship between the elevation and azimuth angles (V°v ersus H°). It was interesting that in neither QRS nor T was there any correlation at all between V°and H°; apparently the factors responsible for V°and H°a re largely independent in both of the major deflections.
The angle (dA°) between the spatial QRS and T vectors is of particular interest because it increases in ventricular ischemia. It was found that there is no correlation between dA°and either QRS-H0 or T-H°, but when the analysis was made with the vertical angle (V°) the result was highly significant. The coefficient of correlation between QRS-V0 and dA°was r = 0.412 (t = 6.00), while that between T-V°and dA°was r = 0.440 (t = 6.5). This agrees with the statistically highly significant difference of dA°between the extreme positional groups I (mean QRS-V0 = 85 degrees) and III (mean QRS-V0 = 23.5 degrees) indicated in table 4. QRS-V0 and T-V°, like dA°, cannot be indexes of position alone but must reflect some electrophysiologic property.
Analysis of the correlation between QRS-Mag and T-Mag has some importance because of the bearing on one of the oldest and most controversial topics in electrocardiography: the relationship between the QRS complex and the T wave. Katz's excellent re-view1'0 of this problem lists about 500 references as early as 1928, and since then the question has been given greater emphasis by the concept of the ventricular gradient. Figures 1A, B and C show on logarithmic paper the scatter diagrams of QRS-Mag versus T-Mag in three groups of subjects segregated according to the angle (dA°) between the vectors. In the men with dA°smaller than 45 degrees and in those with dA°between 45 degrees and 65 degrees there were highly significant correlations of r = 0.35 (t = 2.84, p = 0.01) and r = 0.51 (t = 4.5, p < 0.001), respectively. In contrast, in the men with a large angle between the vectors idA°> 65°), there was no statistically significant correlation (r = 0.18). 5 . Normal Standards. The expected high and 'low normal limits were calculated from the means and standard deviations for 95 per cent of the normal population for the three weight groups A + B, C, D + E (table 2) , the three positional groups I, II, and III (table 4) , and the total group. Any value exceeding these limits is probably abnormal.
More liberal or more conservative normal range limits can easily be calculated from tables 2 and 4.
The normal limits for QRS-Mag and T-Mag were calculated from the total group, since the relative body weight or electrical heart position did not affect QRS-Mag, and the differences in T-Mag, although statistically significant, were too small to be considered for the normal range limits. Table 5 shows the normal range limits for QRS-Mag and T-Mag.
The range limits for the directions of the QRS and T vector and dA°were calculated for the three weight groups and positional groups (table 6) .
The values with comparatively narrow range limits are underlined; it will be advantageous to use them as reference for those particular subgroups. For T-H°, the limits for all six groups are quite similar.
Minor discrepancies of the range limits between the various subgroups of table 6 and the total group (not included in table 6) are due to the fact that each group represents a differently defined sample of the population. The total group is not truly representative for any general population, since the proportion of underweight and overweight people is greater in our sample. For this reason, the limits for the subgroups in table 6 are probably preferable to those calculated for the whole group. However, the subgroups were too small to analyze possible skewness of distribution. Calculation of normal range limits from the standard deviation is based on the assumption of symmetric Gaussian distribution. The limits as presented in tables 5 and 6, therefore, have a preliminary character. While the total group was large enough for analysis of skewness, such analysis was not believed to be useful in view of the greater proportion of underweight and overweight people compared with general population. Since the relative body weight is one of the important variables for the spatial QRS and T vectors, a possible skewness in our sample could not be applied to general population.
It is of interest to compare the range limits for the QRS axis and T axis in the frontal plane with the range limits of QRS-V0 and T-V°. Such a comparison was made for weight group C. Since projection of a spatial angle in any plane will foreshorten the angle, it is important that the 98 per cent range limits of the QRS axis for weight group C, taken from an earlier study,8 are larger (136.6 degrees) than those of QRS-V0 (116 degrees), while the range limits of the T axis and T-V°were practically identical (86.4 degrees versus 84.8 degrees). The range limits of regional distribution of the RST pattern at the level of the fifth intercostal space in three positional groups, as shown in figure 1 of an earlier series,9 compare very well with the range limits of QRS-H0. In other words, the range limits for the spatial QRS and T vectors are not larger than would be expected from the analysis of scalar electrocardiograms. In view of this situation it is important that the range limits of the angle dA°between the spatial QRS and T vectors are fairly wide. Previous literature1' limited to the projection of that angle on the frontal plane gave the impression of a relatively small angle. We mentioned already, that the projection of a spatial angle on the frontal plane will always show foreshortening. Limitation to the frontal plane, therefore, might lead to a false diagnosis of ventricular ischemia. It should be noted, however, that the sign of dA°is positive in all groups. Reversal of the sign of dA°a ppears to be an important diagnostic criterion in some pathologic conditions, for instance, in right ventricular preponderance.
COMMENT While the normal range limits, as presented in tables 5 and 6, are preliminary and should be corrected when larger material will be available, they are useful at the present time because no other normal standards for spatial vectors have yet been published. Although our group is too small for definitive normal standards, it is believed to be large enough to be fairly representative. In other words, we do not expect very radical changes when additional material, drawn from the same type of population (white, middle-aged, "white-collar" workers) will be available. The standards definitely do not apply to younger age groups.* Differences from other population groups, different in race, climate, diet, occupation, and other factors, are possible, and further studies in this respect are contemplated. For the time being, however, it is suggested that the normal standards as given in tables 5 and 6 for the middleaged male population of the United States be used.
The statistically highly significant difference of dA°between overweight (mean dA°= 60.39 degrees) and underweight (mean dA°= 48.55 degrees) persons (table 2) is interesting. It is known that ventricular ischemia tends to increase dA°. In a previous study7 it was found that increasing relative body weight produces electrocardiographic trends in the direction of relative left ventricular preponderance in middle-aged subjects. Since the relative body weight affected the electrocardiogram in a younger age group to a far lesser extent, it was concluded that the electrocardiographic weight trends in middle-aged people could not be due to positional effects alone. The difference of dA°between overweight and underweight persons strengthens this conclusion, since dA°s hould not change when the position alone is changed. This has been demonstrated in model experiments by Boden.'2 Relative obesity, therefore, increases dA°i ndependent of positional changes, and this effect is in the direction of relative left ven-* It would have been of interest to compare with our group the maximum QRS and T vectors in Burch and co-workers'3 younger age group of 71 male and 4 female medical students. The maximum vector, as measured as projection on the sagittal and horizontal plane from oscillographic records, is not identical with the vector as defined in this study, but the difference is probably not large. However, it was not possible to construct the individual vectors from the scatter diagrams of their projections in two planes, and, also, no standard deviations were given. Moreover, the scatter in their figure 4 is smaller than in larger groups of young men.7 This means probably that their group was preselected and not sufficiently representative for normal standards. Actually, no such claim was made. tricular ischemia. The question arises whether a larger dA°m ight not represent, in fact, a slight degree of ischemia. Although this is, at the present time, purely hypothetic, it might be compatible with the higher incidence of degenerative heart disease in obese subjects. If this possibility is admitted, the question arises whether the standards for overweight subjects, as presented in tables 2 and 6, are desirable values. This problem is important, but no definite answer can be given at the present time.
From a theoretic point of view, we consider the demonstration of a correlation between the mean QRS and T vectors, dependent on the spatial angle dA°between these vectors, to be the most interesting finding. It shows the superiority of spatial vector analysis over conventional electrocardiographic analysis. By means of separation into groups according to the dA°it was possible to obtain a highly significant correlation. In the analysis of scalar electrocardiograms, the error of projection of spatial vectors on any given lead, and the inaccessibility of dA°, has obscured the relationship between QRS complex and T wave. By means of spatial vector analysis, therefore, it was possible to decide a controversial issue in the electrocardiographic literature on a fairly safe basis.
The correlation was statistically significant for groups with dA°< 65 degrees, but the correlation coefficient is too low to predict T-Mag from the QRS-Mag or vice versa with any reliability for a given individual. The dependence of the correlation on dA°s uggests that dA°itself is an important variable not only for the direction, but also the magnitude of the mean spatial QRS and T vectors. A high dA°( > 65 degrees), even within physiologic limits, is of importance since it tends to abolish the physiologic correlations between QRS and T. It will be recalled that a high dA°i s more common in overweight than in underweight persons.
The present investigation is concerned with amplitudes and not with areas, but the absence of a correlation between QRS and T at high dA°has some bearing on the validity of the ventricular gradient concept, as will be shown in another communication.13
The validity of this and other methods of spatial vector analysis depends on the validity of Einthoven's dipole concept. Recent investi-gations4"'6 have revealed that in normal as well as in the majority of abnormal electrocardiograms the dipole theory is in conformity with all findings in the great majority of cases.
In an approximate method like this a certain sacrifice of accuracy in favor of simplicity is unavoidable. One of the limitations of this method, discussed in the original communication,4 is the lack of precision in the definition of amplitudes due to phase differences in various leads. Therefore, it would be difficult to obtain the same amplitudes from oscilloscopic loop records. However, in normal electrocardiograms and in many abnormal electrocardiograms the phase differences are not large (depending on the contour of the loop), so that the amplitudes as defined by this method will be quite close to the spatial instantaneous maximum amplitudes which could be obtained from oscilloscopic loop records in the frontal and horizontal plane. For their construction this method of vector analysis could be conveniently used with only slight modifications. It should be noted, however, that such analysis of the instantaneous maximum vectors has not yet been made; in the available literature on oscilloscopically recorded loops only photographs of the loops, usually in three planes, were presented. SUMMARY 1. The spatial QRS and T vectors of 178 normal middle-aged men were measured by means of a newly developed method and were expressed in terms of a horizontal angle (H°, azimuth), vertical angle (V°, elevation), magnitude (Mag), and the angle (dA°) between the spatial QRS and T vectors.
2. The vertical angle V°both of the spatial QRS and T vector increases significantly with the relative body weight, and there is also a shift of QRS-H0, and T-H°in clockwise rotation as viewed from above.
3. The increase of dA°with relative body weight cannot be explained by positional changes.
4. There is no relationship between relative body weight and QRS-Mag or T-Mag, but both vectors are significantly larger in the shorter than in the taller subjects. 5 . Electrical position in the frontal plane has no effect on QRS-H0, T-H°, or QRS-Mag, but there is a consistent increase of T-Mag and a highly significant decrease of dA°from horizontal to vertical position. 6 . The interindividual variability of QRS-H0, QRS-V0, and dA°is smallest in the group with vertical and semivertical hearts.
7. Contrary to expectation, the interindividual variability of H°and V°is larger for the QRS vector than for the T vector.
8. Preliminary upper and lower normal limits for the spatial QRS and T vectors, calculated from the standard deviation for 95 per cent of the normal population of which these men are samples, are presented for different weight and positional groups. 9 . There is no interindividual correlation between QRS-V0 and QRS-H0, between T-V°a nd T-H°, between QRS-H0 or T-H°and dA°, but there is a highly significant correlation between QRS-V0 and dA°, and between T-V°and dA°. 10 . There is a highly significant correlation between QRS-Mag and T-Mag for individuals with dA°< 65 degrees, but the correlation is absent for larger dA°. 11. The significance of the results for theoretic and clinical electrocardiography is discussed.
SUMARIO ESPA~OL
De los promedios y las desviaciones standard de los coordenados de los espaciales QRS y los vectores T en 178 hombres de edad madura, limites preliminares de los valores normales para el grupo total fueron calculados, tres subgrupos posicionales, y tres grupos de peso relative del cuerpo. La superioridad del analisis espacial de vectores sobre el an&lisis del electrocardiograma numerico ha hecho posible por primera vez la investigaci6n de correlaciones significativas entre variantes electrocardiogrificas, como la relacci6n entre la magnitud de los vectores QRS y T. La re-lacci6n entre las variantes constitucionales fundamentales y los vectores espaciales fu6 tambi~n investigada como una base necesaria para el uso diagn6stico de los vectores espaciales. 
